A simple two-dimensional mathematical model capable of describing the interactions taking place in the bulk fl uid and biofi lm between sulfate reducing bacteria (SRB), substrates and biocide agents was used for the numerical evaluation of biocide treatment against SRB. The characteristics inherent to thick biofi lms formed in large diameter oilfi eld pipelines were taken into account by assuming that the biocide treatment will remove little of the biofi lm and not kill the SRB present in the biofi lm. The evaluation model considered SRB disinfection/proliferation, and biocide deactivation within the bulk fl uid, as well as many features of biofi lm interactions with the bulk fl uid such as mass transfer, live SRB detachment and biocide agent deactivation. These interactions are represented by simple coeffi cients as far as possible. Simulation results, using reported kinetic parameters for SRB, acetate and biocide agents such as chlorine and glutaraldehyde, showed that biocide treatments in oilfi eld water pipelines are sensitive to the disinfection rate coefficient and the biocide agent concentration as well as to the decay rate coeffi cient of the biocide agent in the bulk fl uid, but are not sensitive to the biocide deactivation rate on the biofi lm surface, nor to the SRB concentration in the biofi lm. Various extreme conditions of biocide treatments were simulated using the proposed discretization method, which was adapted to take into account the biofi lm interactions with the bulk fl uid, to investigate the sensitivity of the numerical method and the suitability of the model developed to determine minimum effective biocide concentrations.
Introduction
Gas or/and oil production activities involve the extraction of large amounts of water which are often injected back into the reservoir to maintain reservoir pressure as high as possible. During this operation, called secondary recovery, one of the main steps consists of biocide treatment against sulfate reducing bacteria (SRB) whose metabolic product is H2S. Biogenic H2S production causes several problems in secondary re covery operations, e.g., corrosion of iron and steel alloys in the oil wells, reduction of the oil quality by souring oil and gases, reduction of the permeability of the oil formation, and finally, a health hazard to the platform personnel 3), 15) . The water pipelines used in oilfield operations are often of considerable length, so the biocide treatment generally consists of introducing biocide agents at the pipeline inlet to prevent the pipeline from acting as a plug flow reactor for SRB proliferation, and allowing water free from SRB to be obtained at the outlet of the pipeline in the reservoir. However, two extreme situations should be avoided: Excessive dosage of biocide agent which may lead to unnecessary costs and overload of pollutants (biocide agents), and inadequate low biocide concentration dosages which may induce the opposite effect to disinfection (proliferation). Biocide agent concentrations under a threshold value can lead to the growth of resistant SRB populations, especially with nonoxidizing biocides such as aldehyde agents 16) . Particularly in the case of biocide treatment against SRB, there are no standard threshold values of biocide concentration applicable to all situations, because the chemical and biological composition of the water, as well as the SRB community, might differ signifi cantly from one reservoir to another.
An effective biocide agent can be selected by doing on-site dose-response (time-kill) tests 11) . Time-kill tests basically consist of choosing the minimum effective biocide concentration from tabulated data of surviving bacteria population obtained with biocide agents applied at different dose concentrations and exposure times. However, the minimum effective biocide con-centration found by time-kill tests might considerably differ from the actual minimum effective biocide concentration required against the SRB transported in oilfield water pipelines where mass transfer and biochemical interactions between the bulk fluid and the biofi lm formed on the pipeline wall cannot be neglected nor underestimated. Therefore, a mathematical model capable of simulating the fate of the biocide agent in the pipeline may provide a more realistic approach to the minimum effective biocide concentration for SRB being transported in oilfi eld water pipelines.
The idea of using mathematical models for biocide treatment design has already been applied for water distribution systems requiring disinfection treatments against pathogenic organisms like Escherichia coli 1),9),13) . However, no mathematical model was available for accurate description of interactions between SRB, substrate and biocide agent in the bulk fl uid and within the biofilm formed in oilfield water pipelines. Previous models focused on particular aspects of drinking water quality parameters such as disinfectant residual and surviving phages, with the growth rate of pathogens assumed negligible in comparison to the disinfection rate. It is important to note that in contrast to drinking water, oilfi eld water contains considerable amounts of organic matter which readily serve as substrates for SRB proliferation at considerable rates comparable to the disinfection rate.
The models applicable to drinking water systems describe the variables of interest. For example, accurate mathematical models were developed to describe chlorine disappearance as a function of time and space, but not the bacteria population, which in secondary recovery systems is the critical parameter 13), 14) . A full description was given of the interactions between disinfectant, microorganism and substrate elements in drinking water pipelines, but substrate consumption and bacteria generation were assumed to occur just within the biofilm and not within the bulk fl uid 9) . In secondary recovery pipelines, with significantly large diameter, bacteria proliferation induced by considerable retention times in a medium with high biodegradable mass concentrations should be taken into account in both the biofilm and within the bulk fluid. Therefore, application of the above described models, for instance, to oilfi eld water pipelines is not appropriate mainly due to the following: Reactions and mass transport within the bulk fl uid cannot be neglected as in studies on the effect of only biofi lm, and the function of the biofi lm on the pipeline wall cannot be reduced to a disinfectant consumption role as in disinfectant residual studies.
The present study developed a suitable model that includes relevant variables for oilfield water pipelines such as biochemical reactions within both the biofilm and the bulk fluid, live bacteria detachment from the biofi lm, antibacterial agent deactivation in the bulk fl uid and on the biofi lm surface, and mass transfer by diffusion in the radial direction and advection in the axial direction of the pipeline. The large diameter of oilfi eld pipelines, the considerable thickness of the biofi lm formed, and the laminar flow regimen characteristics were used to make useful mathematical simplifi cations which allow easier application of the model. The model is expected to provide more realistic minimum effective biocide concentrations, so to evaluate the sensitivity and accuracy of the proposed model, the model was used for numerical evaluation of the effect of key parameters on the kinetics of biocide treatments carried out in oilfi eld water pipelines.
Physical Model
Let us think about a system consisting of a long pipeline of the order of kilometers with the diameter of the order of inches (for example, 8 in.) in which water flows in a laminar regimen ( Fig. 1) and in which the following events are taking place: (1) A biofilm is formed on the inside surface of the pipeline where sessile SRB proliferate under the protection of an extra-cellular polymeric material 2) . (2) Active SRB detach constantly from the biofi lm as a function of the SRB concentration on the biofilm surface providing the inoculum for proliferation of planktonic SRB. (3) The biofilm has reached its maximum thickness. SRB attachment that took place during the initial biofi lm formation period is no longer possible because the shear stress exerted by the flow is stronger than the adhesive force of the SRB. (4) The substrate is metabolized (absorbed) by SRB within the biofilm, thus generating new active SRB which are detached into the bulk fl uid. Therefore, the SRB concentration within the biofilm can be assumed to be constant throughout the pipeline as long as we assume that the growth rate of SRB generation within the biofi lm is equal to the detachment rate of live SRB from the biofi lm. (5) Due to the limitations on diffusion and biocide deactivation on the biofi lm surface, the biocide concentration within the biofi lm is depleted so that the concentration within the biofi lm is no longer adequate to kill the Recovery Operations SRB 20) . Consequently, the SRB concentration within the biofi lm does not decrease due to the presence of the biocide agent in the bulk fl uid. (6) Since the SRB concentration within the biofilm along the pipeline is maintained constant, the change of the biofi lm thickness along the pipeline is negligible in comparison to the diameter and length of the pipeline. Therefore, the biofi lm thickness can be assumed to be constant. (7) Within the bulk fl uid, the number of SRB may exponentially increase due to consumption of the available substrate, but at the same time the number of SRB may continuously be reduced by the action of the biocide agent. Also, active SRB might continuously be converted to biomass debris at a certain rate. (8) Within the bulk fl uid, the substrate is continuously consumed by active SRB. (9) The biocide agent concentration is not depleted along the pipeline, but its antibacterial activity is reduced by organic matter fl oating in the bulk fl uid 2), 4) . (10) The biocide agent is deactivated both by interactions with organic matters fl oating in the bulk fl uid, and by organic matter retained on the biofi lm surface 2), 13) .
General Governing Differential Equations
In the present model, the events taking place between the components of interest can be represented by a system of mass balance equations formulated for each component α which not only diffuses and flows but α which not only diffuses and flows but α also reacts at a net rate Rα. In this sense, the resulting mass balance differential equation capable of representing the fate of each α ∈{b, s, a} component in oilfi eld water pipelines is written as follows:
In the present nomenclature, α is either α is either α b for the bacteria, s for the substrate or a for the biocide agent; r and r and r z represent the radial and axial distance of the pipe respectively; Cα Cα C (r, z) is the concentration of component α at each position in the bulk fl uid; α at each position in the bulk fl uid; α Vz Vz V is the axial component of the flow velocity vectors which does not depend on z due to the steady-state regimen often found in oilfield water pipelines; and Dα is the diffusion co-α is the diffusion co-α efficient for component α which for simplicity is α which for simplicity is α assumed to be isotropic and constant. Due to the cylindrical symmetry of the pipe and the laminar fl ow regimen, the angular and radial components of velocity are equal to zero and therefore not included in Eq. (1). Similarly, due to the laminar regimen, the Cα Cα C variation α variation α term in the angular direction is omitted in Eq. (1).
Further convenient simplifi cations can be made in Eq.
(1) by neglecting the term for mass transfer by diffusion along the z axis in comparison with the mass transfer by convection in the same direction. Therefore, the base equation to be used for modeling the fate of component α in oilfi eld water pipelines is expressed as α in oilfi eld water pipelines is expressed as α follows:
The variables and also the kinetic parameters of the resulting system of partial differential equations are normalized as a function of the pipeline radius (r0 r0 r ) and the average fl ow velocity <V>. V>. V
1. Growth Rate for the Bacteria, R b
The net growth rate of SRB is represented as follows:
The first term on the right-hand side of the equation represents the growth rate of SRB due to substrate con sumption (Monod equation), where µ  is the specific growth rate coefficient, and Ks is the saturation coeffi cient; the second term represents the rate of debris bacteria formation, where b is the decay rate coeffi cient; and the third term represents the rate of SRB destruction due to the biocide agent (Chick _ tion due to the biocide agent (Chick _ tion due to the biocide agent (Chick Watson equation), where kd is the disinfection rate coeffi cient.
2. Reaction Rate for the Substrate, R s
The net rate of change of substrate concentration is equal to the rate of substrate consumption due to bacteria growth. That is:
where YH YH Y is the growth yield of SRB.
Reaction Rate for the Biocide Agent, R a
In the present model, the only reaction of the biocide agent considered is its deactivation by the organic matter in the bulk fluid. The deactivation rate is a function of the concentrations of organic matter and biocide agent 23) , as in the drinking water disinfection studies, but the reaction rate in this study is approximated by a fi rst order kinetic equation 9),13), 14) , as a function of only the biocide agent concentration. In the case of water recovered from oil production activities, this assumption is based on the fact that the organic matter concentration is usually much larger than the biocide agent concentration. Therefore, the organic matter concentration can be considered as a constant in the decay rate coeffi cient (k).
4. Boundary Conditions
Because of the cylindrical symmetry of the system, the concentration of each component α in the center of α in the center of α the pipeline (r 0) remains constant along the pipe. This boundary condition in mathematical terms implies that the fi rst derivative of Cα Cα C in the radial direction must α in the radial direction must α be equal to zero at the center of the pipeline:
In the case of the boundary conditions at the biofi lm surface, r rI rI r , the radial diffusion fl ow of each component α from the bulk fl uid to the biofi lm is taken to be α from the bulk fl uid to the biofi lm is taken to be α proportional to the concentration of the component as follows:
where (7)) for the substrate expresses the fact that the substrate diffuses freely from the bulk fluid to the biofilm, where its concentration decreases proportionally (Ws Ws W ≤ 0) to the SRB concentration in the biofi lm (Cbf Cbf C ). This proportionality factor is bf).
This proportionality factor is bf readily calculated if complete penetration of the substrate into the biofi lm is assumed 4) .
where Lf is the thickness of the biofilm formed in the f is the thickness of the biofilm formed in the In bf m a s s b a l a n c e t e r m s t h i s m e a n s : J b Y H Js Js J . Therefore, for the case of complete penetration of substrate into the biofilm, the following relationship is obtained:
3. 4. 3. Boundary Condition for the Biocide Agent, W a W a W The boundary condition (Eq. (7)) for the biocide implies that the biocide agent does not penetrate the biofilm but is deactivated proportionally (Wa Wa W ≤ 0) to the concentration of biocide (Ca) on the surface of the biofilm 8) . In contrast to the Cbf used for the other two bf used for the other two bf boundary conditions, Ca for this boundary condition changes along the pipeline and its value is equal to the concentration of biocide agent in that region of the bulk fluid in contact with the biofilm surface. The rate of deactivation can be assumed to be proportional to the biocide concentration because the polymeric matter is present in large amounts compared with the biocide concentration on the biofilm surface. Although the diffusion and bulk-fl ow contributions are combined, the coeffi cient of interfacial mass transfer due to the turbulence of the fl ow for the boundary condition at the pipe wall is not necessary because the laminar fl ow regimen allows the assumption of an equilibrium state in which the proportional constant Wα Wα W can be taken as the mass α can be taken as the mass α transfer parameter.
5. Scaled Form of the Equations
To increase the generality of the solutions for the system of partial differential equations derived from Eq. (2), the dimension of length is measured here in units of the radius of the pipeline. In order to facilitate the utilization of dimensionless numbers, the thickness of the biofi lm is considered negligible in comparison to the radius of the pipeline. This implies that the distance from the center to the biofi lm surface (rI rI r ) is considered equal to the radius of the pipeline (r0 r0 r ), (r0 r0 r rI rI r ). The dimensionless numbers are described in Table 1 .
The resulting governing equations and boundary conditions for each compound are as follows.
Bacteria ( 
The factor C
Cb/s C appears to be necessary to maintain the dimensionless form of the governing equation for the substrate.
Since the fl ow regimen in secondary recovery operations is generally laminar (Re 2300), the average velocity (Vz Vz V ) of flow in the equations is regarded as a parabolic function of the radius. This implies that the radial mass transfer is governed solely by molecular diffusion 5) . Therefore, the velocity Vz Vz V of the flow is represented by
which can be written as
Equation (14) can be replaced in the dimensionless mass balance equations by directly reducing the number of independent variables.
6. Numerical Solutions of the Partial Differential Equations
The Crank _ Nicholson explicit finite difference formula for cylindrical coordinates is employed to discretize the partial differential equations. n and m are the numbers of nodes used for mesh generation in the radial and axial directions, respectively. α means α means α b for bacteria, s for substrate or a for the biocide agent. 
The rn node corresponds to the location of the biofilm. Then, the substitution of the general boundary conditions (Eqs. (6) and Eq. (7)) into the general governing equation (Eq. (2)) yields the following equations that are also valid for the dimensionless version of the governing equations described above (Eqs. (10), (11) and (12) At the center of the pipeline (i 0): Biocide agent:
Besides the boundary conditions, initial values for the concentrations of the three components at the inlet 
The algorithm for calculations using the discretized form of the above equations is shown in Fig. 2 . The grid sizes employed for calculations in the radial and axial directions are 1/100 and 100/1000, respectively.
Results and Discussion
The proposed model includes all main interactions that might suppress or reduce the effect of biocide treatment in the bulk fluid. For the purposes of analysis and evaluation, four parameters influencing the antibacterial effect of the biocide agent are considered. In the first stage, the effects are evaluated of the disinfection rate coefficient (k * d kdCa0r0 r0 r / <V>) and the V>) and the V decay rate coeffi cient (k * kr0 kr0 kr / <V>), which are related V>), which are related V to interactions taking place in the bulk fluid. In the second stage, the effects are evaluated of the concentration of bacteria in the biofilm (C * bf
Cbf C
Cbf Cbf C / bf / bf Cb0 Cb0 C ) and the deactivation rate coeffi cient on the biofi lm surface (Wa Wa W Wa Wa W / <V>), which are related to the interactions with the V>), which are related to the interactions with the V biofi lm formed. These four parameters are characteristic of a system that results from the addition of a biocide agent to an operating system. Although the energy sources for SRB proliferation in oilfield waters include fatty acid compounds such as acetate, propionate and butyrate, acetate is generally present in much larger quantities than the others. Therefore, the reported kinetic parameters for SRB in the case of acetate as the only substrate were used for this simulation. Since glutaraldehyde is a biocide agent widely employed against SRB, its diffusion coeffi cient is used. Diffusion coeffi cients of SRB might be very different depending on the situation, so the reported diffusion coeffi cient of biomass related to SRB was used. The changes in key variables such as the number of SRB can be traced along any length of the pipeline. However, there is no need to do this, since analysis of the variations within the most reactive section of pipeline is enough to evaluate the effect of a given biocide agent. Therefore, the evaluation considered the fi rst 100 m of pipeline.
The concentration of acetate can vary depending on the characteristics of each production well. Acetate concentrations within the range of 100 to 1500 g/m 3 were found in the literature, so an approximation of 500 g/m 3 was taken for the simulation in this study.
1. Effect of the Disinfection Rate Coeffi cient and
Biocide Concentration Given the initial live cell concentration of SRB, the antibacterial effect of a given biocide agent can be increased by increasing the concentration, as illustrated by plotting the resulting radial average concentration of SRB along the pipeline (Fig. 3) . For the conditions described in Tables 2 and 3 (kd 3.47 10 −6 m 3 /g-s) and an initial SRB concentration of 500 g/m 3 , the biocide concentration should be ten times larger than the SRB concentration to completely eliminate SRB within the fi rst 100 m of the pipeline. However, biocide concentrations as low as one tenth that of the initial SRB concentration only causes a 20 reduction of the initial SRB concentration along the first 100 m of pipeline. Complete elimination of SRB can also be obtained by using an antibacterial agent with a disinfection rate coefficient (kd) ten times larger than 3.47 10 −6 m 3 /g-s. The former conclusion is possible due to the defi nition of the dimensionless disinfection rate coefficient ( Table 1 ) employed in the proposed model. In practice, increasing the dosage ten times or reducing it ten times might imply severe modifi cations to the operation of the system. The intention of using these arbitrary concentrations is rather to explore possible maxima and minima within which the desired antibacterial effect can be reached depending on the characteristics of each case.
2. Effect of the Decay Rate Coeffi cient of Biocide
The decay rate of glutaraldehyde, in the case of oilfi eld water, might be subject not just to the composition of the water, but also to other chemicals such as the scale inhibitors, corrosion inhibitors and oxygen scavengers usually added together with the biocide agent.
For instance, oxygen scavengers like ammonium bisulphite can react with glutaraldehyde. Therefore, due to the many factors which are diffi cult to generalize for all cases, the evaluation of the effect of the decay rate coefficient (k) on the biocide treatment consisted of exploring ranges within which this parameter has notable infl uences on the antibacterial effect of a given biocide concentration. The results under the conditions described in Tables 2 and 3 can be seen in Fig. 4 .
The decay rate coefficient (k) should be 1000 times larger than 2.22 10 −7 s −1 to completely suppress the antibacterial effect of 500 g/m 3 biocide concentration. On the other hand, decay rate coeffi cients on the order of 2.22 10 −7 s −1 can still guarantee the elimination of SRB. 
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Middleton, A. C. et al. . Fig. 6 Effect of the Bacteria Concentration within the Biofi lm agent, provides a solid frame for application of the model to practical situations.
Conclusions
A two-dimensional mathematical model was developed for evaluating the kinetics of biocide treatment in oilfi eld water pipelines. The model was cast in dimensionless form and solved for various conditions using a discretization method proposed here. Simulations highlighted the relevance of the biocide agent concentration, disinfection rate coeffi cient of the biocide agent, and deactivation of the biocide agent in comparison to other factors such as the deactivation of the biocide agent on the biofi lm surface and bacteria concentration within the biofi lm.
Natural biofilms are well known for their complex structure and ecology. Therefore, the present model is far from being an exact representation of the many interactions within the biofi lm and bulk fl uid. Instead, we approached the problem from an engineering point of view, with the objective of the closest representation of reality without too many mathematical complexities. 980-8579 6-6-20 2) 376-8515 1-5-1
